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Objectives: lntra-arterial pressure measurement is considered the "gold standard" for the haemodynamic evaluation of 
aortoiliac lesions. When compared to pressure measurement duplex scanning fails to detect some of the haemodynamically 
significant lesions. To improve the assessment of the haemodynamic significance of these lesions by duplex scanning, the 
flow-related uplex parameters ~PSV and EDV at rest and after exercise were compared with intra-arterial pressure 
gradients before and during increased blood flow. 
Patients and Methods: Forty-five aortoiliac segments with an isolated stenosis were studied prospectively. Doppler 
samples were taken at the site of the stenosis both at rest and after exercise on a bicycle ergometer, followed by intra- 
arterial pressure measurement at rest and during pharmacologically induced increased blood flow. 
Results: At rest a 3PSV (/IPSVr) of 1.6 m/s showed a sensitivity and specificity of 85% and 88%, respectively. After 
exercise a 3PSV (/1PSVe) of 1.6 m/s showed a sensitivity of 100% at the cost of only a slight reduction in specificity 
when compared to 3PSVr. The end diastolic velocity at rest (EDVr) had only limited clinical value. The EDV after 
exercise (EDVe) provided important information if the velocity was 0.5 m/s or lower or if the velocity was 1.6 m/s or 
greater. 
Conclusion: The 3PSV and the EDV after exercise can be of value in the assessment of the haemodynamic significance 
of aortoiliac stenoses. 
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Introduction 
Assessment ofthe haemodynamic s gnificance ofsten- 
oses in the aortoiliac tract in patients with lower 
extremity arterial disease remains a problem in 
patients with subcritical stenoses. Intra-arterial pres- 
sure measurement is considered the "gold standard" 
for the evaluation of the haemodynamic significance 
of these lesions. 1'2 Since subcritical stenoses at rest 
may become haemodynamically significant and cause 
symptoms only during exercise-induced lower ex- 
tremity vasodilatation, pressure measurements at rest 
have to be combined with measurements during lower 
extremity vasodilatation. It has been shown that angio- 
graphy as well as duplex scanning fail to detect 25% 
of the haemodynamically significant stenoses in the 
aortoiliac tract. 3'4 Angiography is limited by the fact 
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that it only provides anatomical information. Duplex 
scanning may provide anatomical s well as functional 
information; however, duplex scanning is only per- 
formed under resting conditions and not during a 
period of increased blood flow. Moreover, the peak 
systolic velocity (PSV) ratio (the PSV of the blood flow 
at the site of the stenosis divided by the pre- or 
post-stenotic PSV), which is the most frequently used 
diagnostic parameter, is not a flow-related parameter, 
as we have shown in a previous tudy. We also showed 
that two other flow-related parameters have the po- 
tential to provide more appropriate haemodynamic 
information. These parameters, the absolute increase 
in (PSV) across the stenosis (APSV =PSV at the site 
of the stenosis--pre- or post-stenotic PSV) and the 
absolute nd diastolic velocity (EDV) in the stenosis 
during conditions of increased flow, have never been 
compared with intra-arterial pressure meas- 
urements. >6 The aim of this study was to compare 
APSV and EDV at rest and after physical exercise with 
intra-arterial pressure measurement at rest and during 
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pharmacologically obtained increased blood flow, to 
see if these parameters could be of value in the assess- 
ment of the haemodynamic significance of aortoiliac 
stenoses. 
Patients and Methods 
In 30 patients with intermittent claudication and a 
lesion in the aortoiliac tract as found by previous 
duplex scanning, who were planned for percutaneous 
transluminal ngioplasty (PTA) of this lesion, a total 
of 45 aortoiliac segments were studied prospectively. 
Lesions were scheduled for PTA when duplex scanning 
showed a lesion with a PSV ratio of 2.5 or more. 
Thirty-five segments were studied before the PTA was 
performed, and 10 segments were also studied after 
the PTA was done. To diminish the effect of serially 
connected stenoses on the measurement of he pressure 
gradient, patients were excluded from the study when 
more than one lesion in an unilateral segment was 
found by duplex scanning. When a patient was in- 
cluded in the study a new duplex scan was performed 
in rest. The duplex scan was performed with a 3 MHz 
B-mode probe incorporating a 2.5 MHz Doppler probe 
(Ultramark 9, Advanced Technology Laboratories 
(ATL), Bothell, Wash. U.S.A.). Subsequently exercise 
was performed on a bicycle ergometer (Corival 300, 
Lode, Groningen, The Netherlands) the exercise load 
was increased gradually towards 2 watt/kg during 
2 min to increase blood flow. Immediately after the 
exercise, patients were asked to lie down again and 
another duplex scan was performed. Doppler samples 
were taken only at the site of the stenosis and at the 
site where the lowest pre- or post-stenotic PSV value 
was measured at rest. If a lesion was localised at the 
origin of an arterial segment he post-stenotic PSV 
was always taken. Velocity parameters were measured 
from hard copy spectral waveforms. The PSV, the 
absolute increase of the PSV across the stenosis (APSV) 
and the EDV were determined uring rest and after 
exercise. Duplex scanning was performed by one of 
three vascular technologists. 
Intra-arterial pressures were measured before and 
directly after the angioplasty at rest and after the 
intra-arterial dministration of 100 gg nitroglycerine. 
Pressures in the aorta and in the common femoral 
artery were simultaneously recorded by co-axial pres- 
sure measurement with a monorail tipcatheter with 
two pressure sensors. An absolute peak systolic gra- 
dient >20 mmHg at rest or a percent decrease in fem- 
oral/aortic pressure index >15% after the 
administration of nitroglycerine was considered 
haemodynamically significant. The results for duplex 
scanning before and after exercise were compared 
with the results of intra-arterial pressure measurement 
in two-way contingency tables. Sensitivity, specificity, 
positive predictive value (PPV), negative predictive 
value (NPV) and accuracy at rest and after exercise 
were calculated for different values of APSV and EDV. 
Furthermore, the results of the APSV after exercise 
and the results of intra-arterial pressure measurement 
were compared with the results of the PSV ratio at 
rest. 
Results 
The duplex scans before and after exercise were suc- 
cessfully performed in all patients, and all Doppler 
samples were taken within 3 min after termination of 
the exercise. Because of fatigue or disabling clau- 
dication eight patients terminated their exercise after 
1.5 mins and one patient after I rain. Despite the re- 
duction in work load in these patients there was an 
increase in peak systolic velocity in all patients. After 
exercise the mean PSV in the stenosis increased from 
3.0m/s (90% range 1.4--4.5) to 5.0m/s (90% range 
2.5-6.5). The mean APSV increased from 1.9 m/s  (90% 
range 0-3.2m/s) to 2.7m/s (90% range 0.2-5m/s) 
and the mean end diastolic velocity in the stenosis 
increased from 0.3 m/s  (90% range 0.0-0.5) to 1.5 m/s  
(90% range 0.4-2.5). 
According to the intra-arterially measured aorto- 
femoral pressure gradient, 28 lesions were of haemo- 
dynamic significance while 17 lesions were not 
haemodynamically significant. 
The relation between the APSV at rest (APSVr) and 
the APSV after exercise (APSVe) and the haemo- 
dynamic status according to the intra-arterially meas- 
ured aortofemoral pressure gradient is shown in Fig. 
1 and Fig. 2, respectively. The sensitivity, specificity, 
positive predictive value (PPV), negative predictive 
value (NPV) and accuracy of different cut-off values for 
the APSV at rest are listed in Table 1. Receiver-operator 
characteristic analysis showed that at rest a cut-off 
level for APSV (APSVr) of 1.6 m/s  was best able to 
detect haemodynamically significant lesions. Sensit- 
ivity and specificity were 85% and 88%, respectively. 
The results for the different parameters for APSV after 
exercise (APSVe) are listed in Table 2. After exercise a
cut-off level for APSV (APSVe) of 1.6 m/s  was best 
able to detect significant lesions. There was a sensitivity 
of 100% with a specificity of 82%. A cut-off level for 
APSVe of 1.6 m/s  gave three false-positive r sults, as 
shown in Fig. 2. Analysis of these false-positive r sults 
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Fig. 1. The correlation between the intra-arterially measured systolic 
pressure gradient and the APSV at rest. 
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Fig. 2. The correlation between the intra-arterially measured systolic 
pressure gradient and the APSV after exercise. 
showed that two patients had borderl ine lesions ac- 
cording to pressure measurement.  One patient with a 
APSVe of 3.0 m/s  had a systolic pressure gradient of 
14 mmHg and there was a decrease in femoral-aortic 
index after nitroglycerine of only 6%. The APSV at 
Table 1. Sensitivity (Sens), Specificity (Spec), Positive Predictive 
Value (PPV), Negative Predictive Value (NPV) and Accuracy (Acc) 
for APSV cut-off levels in the aortoiliac tract at rest. 
APSVr Sens Spec PPV NPV Acc 
(m/s) 
>_ 1.0 1.00 0.65 0.82 1.00 0.86 
_> 1.5 0.85 0.82 0.88 0.78 0.84 
__> 1.6 0.85 0.88 0.92 0.78 0.87 
> 1.8 0.82 0.88 0.92 0.75 0.84 
> 2.0 0.67 0.88 0.90 0.63 0.75 
> 2.1 0.53 1.00 1.00 0.57 0.71 
> 3.0 0.25 1.00 1.00 0.44 0.53 
Table 2. Sensitivity (Sens), Specificity (Spec), Positive Predictive 
Value (PPV), Negative Predictive Value (NPV) and Accuracy (Acc) 
for APSV cut-off levels in the aortoiliac tract after exercise. 
APSVe Sens Spec PPV NPV Acc 
(m/s) 
>_ 1.0 1.00 0.52 0.77 1.00 0.82 
> 1.5 1.00 0.71 0.85 1.00 0.88 
>__ 1.6 1.00 0.82 0.90 1.00 0.93 
__> 1.8 0.96 0.82 0.90 0.93 0.91 
>2.0 0.92 0.82 0.90 0.88 0.88 
> 2.1 0.92 0.82 0.90 0.88 0.88 
__> 3.0 0.67 0.88 0.68 0.63 0.75 
rest was 2.0 m/s  and the EDVr was 0.2 m/s .  The other 
patient with a APSVe of 3.0 m/s  had a systolic pressure 
gradient of 17mmHg and there was decrease in the 
femoral-aortic index of 11% after administrat ion of 
nitroglycerine. The APSV at rest was 2.0 m/s  and the 
EDVr was 0m/s .  The third patient had a systolic 
pressure gradient of only 5 mmHg and no decrease in 
femoral-aortic index after nitroglycerine. The APSV at 
rest was 1.5 m/s  and the EDV was 0.3 m/s .  Compar ing  
Fig. I and Fig. 2 showed that four false negative results 
at rest became "true posit ives" after exercise. 
The relation between the PSV ratio at rest, the APSV 
after exercise and the haemodynamic  significance ac- 
cording to the intra-arterially measured pressure gra- 
dient is shown in Fig. 3. When we use a cut-off level 
for the PSV ratio of 2.5 or more and a cut-off level for 
APSVe of 1.6 m/s  or more, it becomes clear f rom Fig. 
3 that eight false negative results when using the PSV 
ratio became "true posit ives" when using the APSVe. 
The relation between the EDV at rest and after 
exercise and the haemodynamic  significance according 
to the intra-arterially measured pressure gradient is 
shown in Fig. 4 and Fig. 5, respectively. 
The results of sensitivity, specificity, PPV, NPV and 
accuracy for different cut-off levels for EDV in rest 
(EDVr) are listed in Table 3. Receiver-operator  char- 
acteristic (ROC) analysis did not show clinically useful 
cut-off levels to differentiate between significant and 
non-signif icant lesions at rest. Reasonable sensitivities 
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Table 3. Sensitivity (sens), specificity (spec), positive predictive 
value (PPV), negative predictive value (NPV) and accuracy (acc) 
for EDV cut-off levels in the aortoiliac tract at rest. 
EDVr Sens Spec PPV NPV Acc 
(m/s) 
>_0.2 0.82 0.52 0.74 0.64 0.69 
-> 0.4 0.61 0.82 0.85 0.56 0.69 
>__0.5 0.39 0.94 0.91 0.48 0.60 
-> 0.6 0.14 1.00 1.00 0.41 0.47 
_> 0.8 0.07 1.00 1.00 0.40 0.42 
_> 1.1 0.04 1.00 1.00 0.39 0.40 
_> 1.5 0.00 1.00 1.00 0.38 0.38 
_> 2.0 0.00 1.00 1.00 0.38 0.38 
Table 4. Sensitivity (sens), specificity (spec), positive predictive 
value (PPV), negative predictive value (NPV) and accuracy (acc) 
for EDV cut-off levels in the aortoiliac tract after exercise. 
EDVe Sens Spec PPV NPV Acc 
(m/s) 
_>0.2 
are obtained only at the cost of a too low specificity. _>o.4 
_>O.5 
From Fig. 4 it becomes clear that, if a lesion shows an _> 0.6 
EDVr of 0.5 m/s  or greater, this is nearly always related _> 0.8 
to a systolic AP of greater than 20 mmHg or a percent _> 1.1 
_>1.5 
decrease in femoral/aortic pressure index > 15% after __2.0 
administration of Nitroglycerine. 
The results for the different parameters for EDV 
after exercise (EDVe) are listed in Table 4. After exercise 
there is a large increase in EDV. The EDV after exercise 
(EDVe) is more able to differentiate between haemo- 
dynamically significant and non-significant lesions 
1.00 0.05 0.63 1.00 0.66 
1.00 0.17 0.66 1.00 0.69 
1.00 0.30 0.70 1.00 0.73 
1.00 0.35 0.71 1.00 0.76 
0.93 0.47 0.74 0.80 0.76 
0.85 0.64 0.80 0.73 0.78 
0.82 0.70 0.82 0.70 0.78 
0.46 1.00 1.00 0.53 0.67 
than EDVr. A cut-off level for EDVe > 1.5 m/s  showed 
a sensitivity and specificity of, respectively, 82% and 
70%. From Fig. 5 it becomes clear that all lesions with 
an EDVe of 1.6 m/s  or more are haemodynamical ly 
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significant and that all lesions with an EDVe of 0.5 m/s  
or lower are of no haemodynamic significance. 
Discussion 
The degree of stenosis that is critical in a given artery 
is flow dependent. During a period of increased flow 
stenoses that are subcritical t rest may develop haemo- 
dynamically significant effects, thereby affecting both 
blood flow and blood pressure. Until recently the 
haemodynamic effects of increased blood flow were 
only evaluated by pressure studies and for the assess- 
ment of lesions in the aortoiliac tract intra-arterial 
pressure measurement is considered the "gold stand- 
ard". However, intra-arterial pressure measurement 
before and after pharmacologically induced increased 
blood flow is an invasive procedure with risk of com- 
plications. 
In an attempt to improve the assessment of haemo- 
dynamic stenoses in the aortoiliac tract by duplex 
scanning, studies were done to determine the potential 
of duplex scanning to detect sub-critical stenoses dur- 
ing increased blood flow. Currie et al. studied the 
effects of hyperaemia on the relationship between 
Doppler criteria and aorto-femoral pressure gradients 
using a flow-rig model. 7They found an improvement 
in sensitivity of all Doppler parameters, with higher 
flow rates uggesting that hyperaemic Doppler has the 
potential to classify borderline l sions. We performed a 
study to detect whether or not it is possible to do a 
duplex scan during a period of non-invasively ob- 
tained increased blood flow. During exercise there is 
a decrease in the vascular esistance in the exercising 
skeletal muscle, resulting in an increased blood flow. 
Physiological studies howed that there is a large and 
rapid drop in vascular resistance immediately after the 
onset of exercise on a bicycle rgometer. 8 In preliminary 
studies, we found that a work load of 2 Watt/kg 
during a period of 2 min was acceptable for most 
atherosclerotic patients and gave a considerable in- 
crease in flow. A higher workload was frequently too 
exhaustive and too often gave disabling claudication. 
On termination of the exercise the lower limb blood 
flow decreases logarithmically but it takes about 12 
min before the flow has returned towards resting 
values. In this period it is possible to do a duplex scan 
during increased blood flow. 6 During this period of 
increased blood flow there is a significant increase in 
APSV and EDV, indicating that these are flow-related 
parameters. To obtain an optimal measurement it is 
important to perform the duplex scan as quickly as 
possible after the termination ofthe exercise. Therefore, 
Doppler samples were only taken at the site of the 
stenosis and at the site where the lowest pre- or post- 
stenotic PSV value was measured at rest. 
The present study compared APSV and EDV at rest 
and during increased blood flow after exercise on a 
bicycle ergometer with the intra-arterially measured 
pressure gradient. A bicycle ergometer was preferred 
rather than treadmill exercise, because we observed 
higher flow rates after cycling and because the exercise 
is more standardised on an ergometer. 
In rest the best cut-off level for APSV was 1.6 m/s  
with sensitivity, specificity and accuracy of 85%, 88% 
and 87%. 
These results are very well comparable with results 
found by Legemate et aI. 5 They compared APSV at rest 
with the intra-arterially measured pressure gradient 
in 96 aortoiliac tracts and found a best cutoff level in 
the range of 1.4-1.5 m/s  with a sensitivity, specificity 
and accuracy of, respectively, 81%, 88% and 85%. After 
exercise the sensitivity of APSV >l .6m/s  becomes 
100% at a cost of only a slight reduction in specificity 
when compared to APSVr, thereby confirming the 
theoretical concept hat the APSV measured uring a 
period of increased blood flow is more able to detect 
haemodynamically significant lesions than the APSV 
at rest. All false-negative r sults at rest became "true- 
positives" after exercise. The false-positive r sults after 
exercise were also "false-positives" or a borderline 
lesion at rest. Analysis of these lesions howed two of 
the three false-positive l sions were borderline lesions 
according to pressure measurement. 
Comparing the PSV ratio at rest, the APSV after 
exercise and t:he intra-arterially measured pressure 
gradient showed that all false-negative r sults when 
using a PSV ratio cut-off level of 2.5 or more became 
positive results when using a APSVe cut-off level of 
1.6m/s or more. A PSV ratio >2.5 was used as cut- 
off level because arlier studies found this parameter 
the most useful in discriminating between haemo- 
dynamically significant and haemodynamically non- 
significant lesions. 9 
The EDV spectral analysis parameter at rest did not 
provide a clinically useful cut-off level. After exercise 
there was a considerable increase in accuracy, but the 
optimal sensitivity and specificity were still worse than 
the results of the APSVr. The EDVe provided clinically 
important information if the velocity was 0.5 m/s  or 
lower or if the velocity was 1.6m/s or greater. All 
lesions with an EDVe of 0.5 m/s  or lower are of no 
haemodynamic significance, while all lesions with an 
EDVe of 1.6 m/s  or more are haemodynamically sig- 
nificant. 
Hyperaemic duplex scanning is more difficult han 
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duplex scanning at rest. After exercise most patients 
are breathing heavily, which may hamper the visu- 
alization of the iliac arteries. Furthermore, a thrill in 
the artery due to the increased blood-flow may disturb 
optimal sampling of Doppler signals. Although these 
technical aspects increase the risk of errors in the 
measurement of blood flow velocity, we did not find 
unexpected iscrepancies between measurements at
rest and measurements after exercise. 
This study confirms the theoretical concept that 
hyperaemic duplex scanning could be useful in the 
detection of haemodynamically significant lesions. 
When APSV and EDV are used in patients with bor- 
derline lesions it might be that a combination of duplex 
scanning in rest and after exercise has additional value. 
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